The role of local accumulation and diffusion of CO2 to modify cellular loss and extracellular accumulation of K' during the initial, reversible phase of myocardial ischemia was investigated in isolated, cylindrical papillary muscles of the rabbit. The muscles were blood-perfused through their vascular tree and placed in a (permanently flowing) humidified gas mixture with predetermined partial pressures of N2, 02, and CO2. Ischemia was produced by total arrest of perfusion and 02 withdrawal from the gas mixture. between the papillary muscle cylinders and the adjacent septum and within 300 ,um from the surface of the papillary muscle cylinders. These gradients predict an inhomogeneity of impulse conduction'that might contribute to the genesis of ventricular arrhythmias. Besides the demonstration that accumnulation and diffusion introduce inhomogeneities of [K']. in ischemia, our results suggest th!at a significant component of cellular ischemic K4 loss is associated with production and extrusion of metabolic acid. On the basis of previous measurements of pHO and pH1 in identical conditions, possible mechanisms of ischemic cellular K4 loss are discussed. (Circulation Research 1992;70:409-422) A rrest of myocardial perfusion and the consequent lack of extracellular washout leads to accumulation of ischemic metabolites and ions in the extracellular space. Cellular loss of potassium and the resultant extracellular accumulation is one of the most prominent ionic shifts in early ischemia.1-3 It is closely related to the changes in membrane potential4 and the impairment of impulse conduction.5 The use of ion-selective electrodes has
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The role of local accumulation and diffusion of CO2 to modify cellular loss and extracellular accumulation of K' during the initial, reversible phase of myocardial ischemia was investigated in isolated, cylindrical papillary muscles of the rabbit. The muscles were blood-perfused through their vascular tree and placed in a (permanently flowing) humidified gas mixture with predetermined partial pressures of N2, 02, and CO2. Ischemia was produced by total arrest of perfusion and 02 withdrawal from the gas mixture. A rrest of myocardial perfusion and the consequent lack of extracellular washout leads to accumulation of ischemic metabolites and ions in the extracellular space. Cellular loss of potassium and the resultant extracellular accumulation is one of the most prominent ionic shifts in early ischemia.1-3 It is closely related to the changes in membrane potential4 and the impairment of impulse conduction. 5 The use of ion-selective electrodes has allowed quantification of K' in the extracellular space. Thus, cellular K' loss occurs in distinct phases: an initial rapid extracellular accumulation is followed by a plateau and thereafter by a secondary increase. The secondary increase is closely associated with the development of mechanical contracture and electrical cell-to-cell uncoupling.6 It is only partially reversible2'7 and therefore reflects the beginning of irreversible ischemic damage. The mechanism of the initial extracellular K' accumulation has not yet been elucidated completely. Partial inhibition of Na+-K+ pumping and the consequent decrease of unidirectional K' influx cannot fully account for the net shift of potassium ions,8 and an increase of passive K' effilux has been discussed.3,9 Both tetraethylammonium-10 and ATP-sensitive K' channels11 have been shown to carry this net efflux, although the mechanism of the opening of the so-called ATP-sensitive channel (in the presence of only a moderate decrease of ATP), as well as the nature of the driving force acting on the K' ions, is not fully understood.
In a previous study,9 measurements of extracellular pH and [K+]0, determined on the surface of whole ischemic hearts, suggested that the local concentration of CO2 plays an important role in the accumulation of extracellular K' in ischemia. C02, which is displaced from HCO3-after the formation of lactic acid, accumulates in deep midmural tissue layers to values up to 300-400 mm Hg after 10-15 minutes of ischemia.12 This produces significant changes in net proton transfer to the extracellular space and in intracellular acidification. 13 At boundaries between ischemic and surrounding tissue (ischemic border, epicardial, and endocardial tissue layers) diffusion of CO2 is predicted to lower the local concentration of CO2 in ischemia. Therefore, an interrelation between cellular K' loss and local accumulation and/or diffusion of CO2 might have important implications for the spatial distribution of ionic and electrical changes in regional myocardial ischemia. Especially, local inhomogeneities of extracellular [K'] during myocardial ischemia,214 which have been implicated in the disturbances of impulse conduction and the generation of reentrant arrhythmias, may be partially related to inhomogeneities of CO2 accumulation. The present investigation served two purposes. In a first part, we tested the hypothesis made from previous observations that diffusion of CO2 from ischemic boundaries might be a relevant factor for local gradients in [K']. and, consequently, for the genesis of ventricular arrhythmias. In a second part, we tested the possibility that changes in PCo2 and other experimental interventions, which have been shown to change intracellular acidification and/or to influence proton extrusion in ischemia, might modify cellular K' loss and extracellular K' accumulation.
For the present experiments, we used a previously developed experimental model6'7 that consists of a cylindrically shaped, arterially perfused papillary muscle that is surrounded by an artificial humidified gaseous atmosphere. In such an experimental system, it is possible to keep the ischemic conditions (arrest of vascular flow, total lack of oxygen) constant and to use the beating rate, the diameter of the muscle, and the partial pressure of CO2 in the surrounding atmosphere as controlled variables. Moreover, the cylindrical tissue enables the application of relatively simple diffusion mathematics to model the accumulation and diffusion of CO2 and K' from the core to the surface.
Our results suggest that accumulation and diffusion of CO2 cause the significant inhomogeneities in [K+] o in early myocardial ischemia, which might be important for the genesis of early ventricular arrhythmias.
Materials and Methods

Preparation and Perfusion of Papillary Muscles
The method for the preparation of the isolated arterially perfused rabbit papillary muscle has been previously described and illustrated in detail.7"15 In brief, rabbits of either sex weighing 2-3 kg were anticoagulated with heparin (200 units/kg i.v.) and killed with pentobarbital (50 mg/kg i.v.). The hearts were rapidly excised, placed in cold Tyrode's solution (4°C), and transported to a dissection tray. The atria, left ventricular free wall, and nonperfused portion of the right ventricle were removed. The left ventricular septal surface of the tissue was secured to a wax platform that contained the ground electrode. The septal artery was cannulated and perfused with a solution of the following composition: insulin (1 unit/l), heparin (400 units/l), albumin (2 g/l), dextran (Mr 70,000; 40 g/l), and Tyrode's solution (mM: Na+ 149, K+ 4.5, Mg2+ 0.49, Ca2+ 1.8, Cl-133, HCO3-25, HP042-0.4, and glucose 20). The total ischemic time before perfusion was less than 5 minutes in each experiment.
After the preparation was placed in the recording chamber,7 it was perfused through its proper microvascular bed with a solution composed of the previous perfusate plus washed bovine erythrocytes (hematocrit, 35-40%) and surrounded by an artificial gaseous atmosphere (Figure 1 ). In this preparation, the papillary muscles emerging from the septal surface had a diameter of 0.5-2 mm. As verified in histological sections, the endocardial endothelium and the adjacent connective layer had a thickness of about 20 pm, which amounts to 2-8% of fiber radius (W. Cascio, personal communication). Perfusion pressure was measured with a transducer (Gould, Cleveland, Ohio) and maintained between 40 and 45 mm Hg by adjustment of the perfusion flow rate (0.8-1 mlxmin-1xg-1). This perfusion pressure can be considered normal for small arteries in the rabbit heart (diameter at the site of cannulation, -150 ,um), because about 50% of peripheral vascular resistance is located in the arteries with >150 gtm diameter. '6 Measurements of the Perfusate pH and Pco2 and Po2 in the Artificial Atmosphere Surrounding the Cylindrical Muscle Perfusate. The partial pressures of 02, N2, and CO2
were controlled with a membrane gas exchanger. The pH of the perfusate was continuously monitored during the experiment by a pH glass electrode connected to the perfusion line. The relative amounts of N2 and CO2 (02 constant at 100 mm Hg during normoxic perfusion) were adjusted to yield the required pH of the perfusate. The Pco2 and [HCO3-] in the perfusate were measured with a blood gas analyzer (Ingold, Urdorf, Switzerland). Stainless-steel tubing was introduced between the membrane gas exchanger and the recording chamber to prevent diffusional losses.
Artificial atmosphere of the recording chamber. The Pco2 surrounding the preparation was set to the Pco2 of the perfusate. Consequently, the initial pH value on the surface of the muscle corresponded to the pH of the perfusate, and a homogeneous concentration of HCO3-, H', and PCo2 was achieved along the Measurements of aK+ in the intramural layers of the cylindrical papillary muscle were determined by ionselective electrodes constructed from fine silver wire as previously described. 18 The tip diameters of these electrodes averaged 110 ,m. These electrodes could be introduced from the surface into the intramural layers of the papillary muscle without damaging the muscle by first penetrating the endocardium with a fine-tipped tungsten electrode and then inserting the ion-selective electrode through the small opening.
Experimental Protocol
In most experiments, [K+]0 and pHO were measured simultaneously. The preparations were stimulated by application of a constant current pulse (0.5-1-msec duration, double threshold strength) between the apex and the base of the muscle. In each experiment, control measurements were obtained after the preparation had stabilized in the chamber for 30 minutes. During ischemia, measurements were obtained continuously for up to 30-40 minutes. Because the ionic and electrical changes are only partially reversible on reperfusion after 15 minutes,5,6 only a single ischemic period was induced in each heart, with the exception of the experiments shown in Figure 7 , upper panel.
Statistical Analysis
The relation among the change of [K']. during ischemia, muscle diameter, and heart rate was determined statistically by using a multivariable linear regression hypothesis model (Systat, Inc., Evanston, Ill. 
which yields a relatively simple function for Qco2(t) ( Figure 2 , lower panel)
where a (0.9 mMxmin-1) is an empirical parameter determining the increase of CO2 formation after the onset of ischemia, b (0.245 min1) is an empirical rate constant describing self-inhibition of intracellular CO2 formation, a,02 is the solubility coefficient for CO2 (0.0422 mM xmm Hg-120Q21) and t (minutes) is the time after coronary occlusion. The production function, Qco2(t), is very similar to measurements of early lactate production in ischemic rat heart.22 Its shape reflects the initial acceleration and subsequent inhibition of anaerobic glycolysis in early myocardial ischemia.23 Diffusion of CO2 from the ischemic tissue cylinder into the surrounding atmosphere. For the case of a cylindrical muscle surrounded by an artificial gaseous atmosphere of known composition, total Cco2 (or Pco2) along the radial distance r (millimeters) will be determined by the CO2 concentration present in the tissue before ischemia, Cco2, and by the concentration of CO2 added after the onset of metabolic acidosis, Cco2:
C*o2 is determined by CO2 production [Qco2(t)] and CO2 diffusion in the cylinder (diffusion coefficient Hypothetical relation between accumulation and diffusion of CO2 and extracellular K+ accumulation in ischemia. As mentioned in the introduction, an increase of Pco2 at a diffusion boundary during ischemia, by externally applied CO2, has a significant effect on K+ accumulation in ischemia. .,^xe -a., -1.¢ a,l_ cylinders the maximal increase of K4 is achieved relatively early (7 minutes versus 10 minutes in the large cylinder) and is about three times less than in the large cylinder (7 versus 21 mM).
One of the main purposes of this simulation was to calculate K4 accumulation on the muscle surface. This is shown in Figure 4 (upper panel) for muscles with a radius R ranging from 0. The majority of the papillary muscle preparations were spontaneously active. Therefore, it was not possible to overdrive all preparations at the same rate (unless a rapid rate had been chosen), and the effect of heart rate on [K']. had to be considered in addition to the effect of muscle diameter. The interdependence among [K']., muscle cross-sectional area, and heart rate at 5 and 12 minutes of ischemia (i.e., at the times given for the simulations shown in Figure 4 ) is depicted in Figure 6 for all experiments. There was a distinct difference between the effect of heart rate and the effect of cross-sectional area on In six experiments ( Figure 9 , upper panel), Pco2 in the surrounding atmosphere was increased constantly between 4 and 12 minutes of ischemia from 57±3 to 267±+9 mm Hg (10 minutes) and 318+±4 mm Hg (12 minutes) to mimic accumulation in ischemia. 12 The mean values measured in these experiments are superimposed in six control experiments matched for muscle diameter and beating rate. The small diameters were selected to ensure that Pco2 along r was mainly determined by diffusion, that is, by Pco2 in the atmosphere (see Figure 2) . At Figure 9 [K+], accumulation in the presence of lactic acid transport inhibition. Lactic acid is the predominant acid metabolite in acute ischemia. Therefore, the possibility of a relation between intracellular metabolic acidosis and cellular K' loss in ischemia was tested by the application of a-cyanocinnamate (2-4 mM), a blocker of lactic acid transport.27 Figure 10 shows In essence, the simulation was based on four parameters: 1) fiber radius, 2) diffusion coefficients, 3) CO2 production, Qco2, and 4) coupling between local Pco2 and K'. efflux. Whereas the first two parameters are relatively well defined in the experimental setting, the values taken for the others are more speculative. Qco2 was taken from differentiation of the CO2 accumulation curve measured by Case.12 The values given for Pco2 accumulation in literature are subject to considerable variability,'2,28 and it cannot be excluded that the values taken for QC02 represent an underestimation. This is because diffusion of CO2 might have influenced the measurements on which the values taken for the simulations were based.12 Qualitatively there is close agreement about initial acceleration and subsequent inhibition of anaerobic glycolysis,23 with corresponding changes of lactate, [L-1,22 and Pco212,28 in no-flow ischemia, however. In the model, two simple assumptions were made in the absence of experimental data. The first concerns the dependence of Qco2 on the radial distance r. Inhibition of anaerobic glycolysis (after initial acceleration) has been described in no-flow ischemia by both accumulation of L-and a decrease of pHi.23 In contrast, the inhibitory phase is absent in hypoxia, because the pHi changes29 and lactate accumulation are to a major part prevented by maintained perfusion. In the present experimental model, some intermediate degree of inhibition might be postulated for those tissue compartments along the radial distance r where CO2 diffusion prevails over accumulation, and therefore, the pHi changes are smaller than those toward the core of the cylinder. 13 Moreover, net local CO2 transfer from the extracellular to the intracellular compartment might be modulated by secondary hydration of CO2 (secondary acidosis). These potential variabilities, which would implicate a dependence of Qco2 on r, were not considered in our model. The second assumption concerns the purely hypothetical coupling between Qco2 and net K' efflux. The linear relation that was taken for the simulation certainly represents the simplest possibility. Especially, it does not account for the other components contributing to cellular ischemic K' loss (see below).
Despite the relative simplicity of the model, there was a clear qualitative accordance between the simulated and experimental results that allows the following conclusion: extracellular K' accumulation in ischemia is modulated to a significant extent by a process that is (directly or indirectly) determined by a diffusible component of ischemic metabolism. Three arguments suggest that this component is C02:
1) The rate of production of this component is proportional to the rate of anaerobic glycolysis; that is, it shows an initial phase of acceleration and a subsequent decrease; 2) the radial dependence of cellular ischemic K' loss in the present setup (where the fibers were surrounded by a gaseous atmosphere) indicates that the metabolite is volatile; and 3) an increase of Pco2 in the gaseous atmosphere surrounding the diffusion boundary increased [ were used for the analysis of ionic changes ("air" model32 and "silicon oil" model33,34). In all these models there was a relatively modest depolarization with a preserved amplitude but a marked shortening of the action potential; that is, the electrical changes resembled more closely the classical changes seen in hypoxia35 than in real in vivo ischemia.36 Because CO2 is allowed to diffuse freely in these models, part of the different findings might have been explained by the absence of the effect of CO2 accumulation. An important experimental observation made with both externally applied CO29 and diffusion of CO2 formed by ischemic metabolism ( Figure 5) shows that the rate of [K'],, accumulation is high during the development of intracellular acidosis and low ("plateau phase" of extracellular K' accumulation2) when pHi is significantly decreased. 2) Intracellular [L-] in ischemia will be the result of both Lproduction and L-extrusion. Total L-extrusion appears to be the sum of electroneutral (LH) transport and (to a smaller extent) transfer of L-. The mechanism of the latter has not been entirely clarified yet. Application of protein modifiers such as mersalyl blocks total net L-uptake almost completely, indicating that both components are likely to be carrier mediated.49 LH transport is a function of pHi, pHo, and extracellular buffering power.5051 It occurs mainly when pHO is high and decreases at low pHo. Also, at a given pH0, LH transport decreases with decreasing extracellular buffering power. The transmembrane electrochemical L-gradient, in turn, will be built up by intracellular accumulation of L-. Thus, any process that will accelerate intracellular Lproduction (e.g., heart rate) and/or diminish LH transport (decrease of pH0 or extracellular buffering power) will favor electrogenic L-efflux and concomitant K' loss. In the case of a carbonic buffer system, the extracellular buffering power will be markedly lowered (and extracellular acidification accelerated) if the CO2 accumulates. In contrast, it will remain relatively high if the Pco2 changes little or remains constant. Thus, interference of CO2 with extrusion of LH and formation of an electrochemical L-gradient will be mainly related to Qco2 and less to the absolute level of Pco2.
Interestingly, our findings for ischemic cardiac muscle are very similar to previous findings obtained for metabolic acidosis of skeletal muscle: decreasing pH,,I was associated with a decrease in LH extrusion and a concomitant increase in net K' efflux.48 Moreover, a diameter dependence of L-efflux was observed in these preparations.48 Also, the above hypothesis implicates a dependence of L-and K' efflux on membrane potential, Vm. This has been shown for L-efflux in skeletal muscle37 and for K' efflux in the ischemic rabbit interventricular septum3 (depolarization with elevated [K']j).
Several aspects inherent to the complex pathophysiological situation in myocardial ischemia will make it difficult to reach final conclusive evidence for one of the proposed mechanisms: 1) An eventual relation between transmembrane L-and K' movement does not predict a constant stoichiometric ratio of total outward movement of L-and K'.1" This is because the contribution of the different pathways to total L-efflux is predicted to vary during ischemia with pHO and Vm.
2) The change in [K'], during ischemia is affected by an osmotic change of the extracellular compartment.39 3) Different perfusion techniques affect the time course and the extent of intracellular acidification and the presence of intracellular L-before ischemia (glibenclamide,52 see below) is expected to modify the rate of metabolic acid production.29 4) Blockers of LH transport are not entirely specific and affect mitochondrial pyruvate and LH transport.27 At present it seems difficult to account for all these variables in the same experimental setting.
The observation that extracellular K' accumulation in ischemia can be inhibited by application of blockers of tetraethylammonium-and ATP-sensitive K' channels1011,51 is not necessarily in contradiction to our experimental observations. Evidence for an involvement of ATP-sensitive K' channels in cellular ischemic K' loss was derived from the finding that application of sulfonylurea during ischemia lengthens the action potential (membrane potential effect) and inhibits extracellular accumulation of K' (flux effect) to a variable degree.53 In addition, the flux effect was directly related to production of L-before ischemia. 53 The membrane potential effect of sulfonylurea in ischemia, in the presence of a variety of metabolites with adverse effects on the ATP-sensitive channels (only moderate ATP depletion,54 ADP accumulation,55 and Mg2+ accumulation56 '57) has been explained by the fact that only a very few channel openings per cell can induce repolarization. This is because of the very low membrane conductance during the plateau of the cardiac action potential. 58 In our opinion, the mechanism of the flux effect has not been entirely clarified yet. One hypothesis can explain the effects of both CO2 and sulfonylurea on cellular ischemic K+ loss by the possibility that it is due primarily to a pHi-sensitive opening of the ATPsensitive K+ channels. A second hypothesis could involve the metabolic effect of sulfonylurea (L-accumulation before ischemia up to 10 mM). This will reduce intracellular L-formation during the subsequent ischemic period, thereby reducing associated K+ efflux, as discussed above. In simulated ischemia (combination of moderate hypoxia with restriction of extracellular medium) the very early increase of [K+] , (first 4 minutes of simulated ischemia) was inhibited by large concentrations of tolbutamide (1 mM) and not influenced by application of inhibitors of LH or anion transfer. 34 The reason for the difference between our findings and these experiments is not entirely clear. Because sulfonylurea abolished the decrease in mechanical tension development in simulated ischemia entirely, the metabolic side effect of these drugs, in addition to the effect on ATP-sensitive K' channels, must be considered. Alternatively, one might argue that the association of cellular ischemic K' loss with CO2 accumulation, which is highly significant during the plateau phase of acute ischemia (at -8-10 minutes) is due to a different mechanism. This would also explain the lack of an effect of lactic acid transport inhibition in the first 5 minutes of simulated ischemia.34
